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Evidence for Chilling-Induced Oxidative Stress in Maize
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We have taken advantage of an acclimation phenomenon in a chilling-sensitive maize inbred to investigate the molecular,
blochemical, and physiological responses to chilling in preemergent maize seedlings. Three-day-old seedlings were ex-
posed to 4°C for 7 days and did not survive chilling stress unless they were preexposed to 14°C for 3 days. cDNAs
representing three chilling acclimation-responsive (CAR) genes were isolated by subtraction hybridization and differen-
tial screening and found to be differentially expressed during acclimation. Identification of one of these CAR genes as
cat3, which encodes the mitochondrial catalase3 isozyme, led us to hypothesize that chilling imposes oxidative stress
in the seedlings. Hydrogen peroxide levels were elevated during both acclimation and chilling of nonacclimated seed-
lings. Further molecular and biochemical analyses indicated that whereas superoxide dismutase activity was not affected,
the levels of cat3 transcripts and the activities of catalase3 and guaiacol peroxidase were elevated in mesocotyls during
acclimation. Accumulation of H,0, following a short treatment with aminotriazole, a catalase inhibitor, indicated that
catalase3 seems to be an important H,0,-scavenging enzyme in the seedlings. Control 3-day-old seedlings pretreated
with H,0, or menadione, a superoxide-generating compound, at 27°C induced chilling tolerance. Both of these chemi-
cal treatments also increased cat3 transcripts and catalase3 and guaiacol peroxidase activities. We suggest that peroxide
has dual effects at low temperatures. During acclimation, its early accumulation signals the production of antioxidant
enzymes such as catalase3 and guaiacol peroxidase. At 4°C, in nonacclimated seedlings, it accumulates to damaging

levels in the tissues due to low levels of these, and perhaps other, antioxidant enzymes.

INTRODUCTION

A number of tolerance mechanisms have been proposed based
on the physiological and biochemical changes associated with
chilling injury (for review, see Fridovich, 1978; Halliwell, 1981;
Graham and Patterson, 1982; Wang, 1982; Markhart, 1986;
Elstner, 1991; McKersie, 1991). Chilling injury causes changes
in membrane properties (Lyons and Asmundson, 1965), sol-
ute leakage (Lieberman et al., 1958), reduced transport across
the plasmalemma (Wright and Simon, 1973), malfunction of
mitochondrial respiration (Lyons and Raison, 1970), and in-
duction of peroxide and indoleacetic acid oxidase levels
(Omran, 1980). Recently, chilling sensitivity has also been
shown to be correlated with the extent of fatty acid unsatura-
tion of the phosphatidyl glycerol of chloroplast membranes in
genetically engineered tobacco plants (Murata et al., 1992).
On the other hand, the damage that occurs during chilling
stress accompanying illumination was thought to be mediated
by an oxygen radical (Wise and Naylor, 1987). Superoxide dis-
mutase (SOD, EC 1.15.1.1), catalase (CAT, EC 1.11.16), and
various peroxidases such as guaiacol peroxidase (POX, EC
1.11.1.7) and ascorbate peroxidase (APX, EC 1.11.1.11) con-
stitute the cellular defense against oxidative stress.

1 To whom correspondence should be addressed.

Overexpression of MnSOD or chloroplastic Cu/ZnSOD was
reported to confer protection from light-mediated paraquat dam-
age (Bowler et al., 1991) and from light-associated chilling
damage (Gupta et al., 1993) in tobacco transformants. In these
studies, greenhouse-grown mature plants were used. Photo-
inhibition and photooxidation were considered as the light-
associated chilling damage in those transgenic plants.
Acclimation to chilling results in a lowering of the temper-
ature at which the plant is damaged or killed by chilling
temperature. We have characterized such a chilling acclimation
or temperature-conditioning phenomenon in a chilling-sensitive
Pioneer maize inbred, G50. Our system is unique in that the
chilling damage and acclimation were observed in dark-grown
seedlings rather than light-grown plants. The evaluation of chill-
ing damage was based on growth and survival of the seedlings.
Several studies have reported that chilling-resistant species
or strains have more efficient antioxidant systems than the sen-
sitive ones (Jahnke et al., 1991; Walker and McKersie, 1993).
However, the advantage of working with one variety such as
G50 is that we can study the molecular mechanisms involved
in both sensitivity and resistance to chilling in the same geno-
type and thus eliminate the complexity of genetic differences.
Although several biochemical and biophysical changes have
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been shown to be involved in the acclimation process (Graham
and Patterson, 1982; Wang, 1982; Markhart, 1986), isolation
and characterization of genes regulated during chilling accli-
mation when coupled with physiological and biochemical
analyses will provide important new insights into chilling toler-
ance processes.

To identify the molecular mechanisms of chilling acclimation
in maize inhred G50 seedlings, we isolated and characterized
cDNAs representing three chilling acclimation-responsive
(CAR) genes in this study. Identification of one of the CAR genes
as cat3 led us to hypothesize that chilling may be imposing
oxidative stress in the seedlings. We present experimental evi-
dence to indicate that chilling imposes severe oxidative stress
that may be responsible for chilling-associated damage in
nonacclimated seedlings. Furthermore, mild oxidative stress
induced by either chemical treatment or by chilling acclima-
tion appears to be beneficial to subsequently chilled seedlings.

RESULTS

Growth and Survival of Seedlings at Low, Nonfreezing
Temperatures

The data in Table 1 illustrate an acclimation phenomenon in
Pioneer maize inbred G50. Only 2% of the nonacclimated seed-
lings survived chilling at 4°C for 7 days compared to 69% of
the acclimated seedlings that were exposed to 14°C for 3 days
before chilling. Nonacclimated seedlings did not grow during
10 days in the greenhouse, whereas the fresh and dry weights
in acclimated shoots increased nearly fourfold. The physical
appearance of nonacclimated seedlings indicated that the
mesocotyl seemed to be the most sensitive organ to chilling
damage. In general, the symptoms of chilling damage include
the inhibition of seedling growth, waterlogged appearance and
browning of mesocotyls, and the browning and desiccation
of coleoptile and undeveloped leaves.

Differentially Expressed Genes during Acclimation

Three putative cDNA clones representing chilling acclima-
tion-responsive (CAR) genes, designated as CAR30, CAR333,
and CAR757, reproducibly showed stronger hybridization sig-
nals with the first-strand cDNA probe from acclimated tissue
compared to the control tissues and were further character-
ized. The RNA gel blot analysis shown in Figure 1 indicates
that the cDNA inserts from CAR30, CAR333, and CAR757 hy-
bridized with single mRNA bands of ~1.6, 1.8, and 1.5 kb,
respectively. Densitometric scans indicated that the levels of
CAR gene transcripts increased threefold in acclimated seed-
lings. The cDNAs of CAR30, CAR333, and CAR757 were
sequenced (data not shown). A search of GenBank revealed
no previously reported sequences with significant homology
for CAR30 and CAR757, but CAR333 was identified as cat3,
which was reported to encode for the maize mitochondrial
catalase3 isozyme (Redinbaugh et al., 1988). However, no at-
tempt was made to confirm the mitochondrial location of CAT3
in the present study.

Chilling-Induced Oxidative Stress

The identification of one of the cDNAs representing CAR genes
(CAR333) as cat3 led us to hypothesize that chilling may be
imposing oxidative stress in the seedlings. The results of RNA
gel blot analysis shown in Figure 2A, using the cat3 gene-spe-
cific probe, indicated that cat3 was preferentially expressed
in the mesocotyl and coleoptile plus leaf but that expression
was undetectable in the root. Compared to the control seed-
lings, transcript levels increased fivefold in acclimated
seedlings, sevenfold in acclimated and chilled seedlings, and
less than threefold in nonacclimated chilled seedlings (Fig-
ure 2A). To further characterize the putative role of oxidative
stress in chilling stress, the activities of antioxidant enzymes
such as SOD, CAT3, and POX were measured in extracts of
coleoptile plus leaf, mesocotyl, and root tissues, and APX was

Table 1. Effects of Acclimation, Nonacclimation, H.O,, and MD Treatments on the Growth of tHe, Maize Seedlings

Shoots?

Treatments® Conditions® % Survivald Fresh Weight (gm) Dry Weight (gm)
NAc | 0.74 + 0.01 0.08 + 0.0

F 20 + 0.0 0.53 + 0.04 0.13 = 0.01
Ac | 1.08 + 0.02 0.10 + 0.01

F 69.0 = 6.1 3.02 + 0.16 0.30 = 0.04
H20, | 0.70 + 0.01 0.07 + 0.01

F 58.0 + 4.2 227 + 0.12 0.24 + 0.01
MD ! 0.72 + 0.03 0.07 = 0.01

F 58.0 £ 9.7 271 £ 043 0.29 + 0.02

a Values for fresh and dry weights are the means =+ SD (in gm) of two replicates with five seedlings sampled in each replicate.
b Ac, acclimation; NAc, nonacclimation; see Methods for treatment conditions.
¢ |, at the end of 4°C treatment; F, at the end of 10 days in greenhouse.

d Values for percent survival are the means +sbD of 61 to 97 seedlings.
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Figure 1. RNA Gel Blot Analyses of CAR30, CAR333, and CAR757
Transcripts in Control and Acclimated Maize Seedlings.

Poly(A)* RNA (1 ug) isolated from control (C) and acclimated (A) whole
seedlings was resolved on 1% formaldehyde-agarose gel, transferred
to a nylon membrane, and then hybridized with 32P-labeled CAR30,
CAR333, and CAR757 cDNAs as probes. The molecular weights of
mRNA bands are given at right.

measured in extracts of mesocotyl tissues from seedlings ex-
posed to acclimation, chilling, or chemical treatments. Total
cellular SOD and APX activities were not affected by any
temperature or chemical treatments in acclimated or non-
acclimated seedlings (data not shown). Similarly, no changes
in CAT3 and POX activities were observed in coleoptile plus
leaf and roots between control and temperature or chemical
treatments; therefore, no data were presented. Activities of
CAT3 and POX increased three- to eightfold in acclimated and
acclimated and chilled seedlings relative to nonacclimated and
chilled and control seedlings (Figure 2B). Although coleop-
tiles also accumulated cat3 transcripts fourfold during
acclimation (Figure 2A), no increased CAT3 activity was ob-
served (data not shown).

Because nonacclimated seedlings showed visual chilling
damage and low levels of CAT3 and POX activities, we sus-
pected that an increase in H,O, levels caused by chilling
stress could be partially responsible for damaging the tissue.
As expected, nonacclimated seedlings contained higher lev-
els of H,O, compared to any other treatment (Figure 2B). This
result clearly indicated that chilling induced an oxidative stress
in the tissues.

Role of H,0; in Acclimation to Chilling-Induced
Oxidative Stress

To test our hypothesis that acclimation also imposes oxidative
stress, a time-course analysis of cat3 transcripts, CAT3 and
POX activities, and H,0, levels was determined during the
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early stages of acclimation. Figure 3B shows a dramatic, tran-
sient accumulation of H,O, within 2 to 4 hr of the acclimation
process when CAT3 and POX activities were at basal levels
and then a slow decline over the next 32 hr of acclimation
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Figure 2. Analyses of cat3 Transcripts, CAT3 and POX Activities, and
H,O, Levels during Acclimation and Nonacclimation in Maize
Seedlings.

(A) CAR333 (cat3) transcripts during acclimation and nonacclimation.
Total RNA (15 pg) isolated from coleoptile plus leaf (C), mesocotyl (M),
and root (R) of control, acclimated, and nonacclimated seedlings was
resolved and transferred as described in Figure 1. Filters were hybrid-
ized with the 32P-labeled CAR333 gene-specific cDNA as probe.
(B) Activities of CAT3, POX, and H,0:2 levels in control, acclimated,
and nonacclimated seedlings. Dark-grown 3-day-old seedlings were
treated as described below, and total proteins were extracted from
mesocotyl for enzyme analyses.

The seedlings were treated in both (A) and (B) as follows: lanes 1,
control 3-day-old seedlings; lanes 2, seedlings acclimated for 3 days
at 14°C; lanes 3, acclimated seedlings transferred to 4°C for 4 days;
lanes 4, nonacclimated, control seedlings transferred to 4°C for 4 days.
CAT3 and POX activities and H,O, levels were replicated two to nine
times and analyzed as a completely randomized design. Standard er-
rors are represented as vertical lines accompanying each bar. H,O,
levels are given in micromoles per gram fresh weight of tissue.
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Figure 3. Time-Course Analysis of cat3 Transcripts, CAT3 and POX
Activities, and H,O, Levels during the Early Stages of Acclimation.

(A) RNA gel blot analysis of cat3 transcripts. Total RNA (15 pug) was
isolated from mesocotyls of control and acclimated seedlings (at 0,
2, 4, 6, 8, 12, 18, 24, and 36 hr), and RNA gel blot analysis was per-
formed as described in Figure 1 using the cat3 gene-specific probe.
(B) Activities of CAT3 and POX and H,0; levels in mesocotyls at 0,
2,4,6,8,12, 18, 24, and 36 hr of acclimation. CAT3 and POX activities
were analyzed using a quadratic regression model. The first three time
points of the H,O, level curve were analyzed by linear regression and
the third through the seventh time points were analyzed by a quad-
ratic regression model. Error bars representing two standard errors
are given on the last time point in each analysis. Each data point
represents two replicates. H,O, levels are given in micromoles per
gram fresh weight of tissue.

treatment when CAT3 and POX activities increased several-
fold. RNA gel blot analysis (Figure 3A) indicated that cat3
transcripts increased fourfold at 2 hr of acclimation treatment
and increased further to sevenfold by 36 hr. Interestingly, both
CAT3 and POX activities did not increase during the first 2 hr
of acclimation treatment but later increased slowly to the max-
imum at 18 hr and remained high until the end of the acclimation
period (Figure 3B).
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Figure 4. Effects of Aminotriozole on cat3 Transcripts and the Activi-
ties of CAT and POX and H,0, Levels in the Mesocotyls of Maize
Seedlings.

(A) Activities of CAT and POX and H,0; levels in control seedlings
treated with aminotriazole (AT).

(B) Activities of CAT and POX and H,0; levels in preacclimated seed-
lings treated with AT.

(C) RNA gel blot analysis of cat3 transcripts. Total RNA (15 ug) was
isolated from the mesocotyls of control 3-day-old seedlings grown at
27°C and seedlings that were preacclimated at 14°C for 15 hr treated
with or without 50 mM AT. RNA gel blot analysis was performed as
described in Figure 1; the cat3 gene-specific probe was used. Seed-
lings were treated with 10, 25, and 50 mM concentrations of AT (on
all panels) for 2 hr and were then transplanted in peat moss and fur-
ther incubated at 27° or 14°C for an additional 1 hr. H,O, levels are
given in micromoles per gram fresh weight of tissue. CAT and POX
activities and H,0, levels were replicated two times and analyzed
using a linear regression model.



To determine the role of the CAT enzyme, CAT3 in particu-
lar, in scavenging H,0,, control 3-day-old seedlings were
treated with aminotriazole (AT) and analyzed for H,O, ac-
cumulation. Figure 4A shows the accumulation of H,O, with
increasing inhibition of CAT activity, and in response a two-
fold increase in cat3 transcripts (Figure 4C) was observed. This
result is consistent with the idea that endogenously accumu-
lated H,O, induces cat3 transcription. Similarly, when
seedlings that were preacclimated for 15 hr were treated with
AT, there was also a significant accumulation of H,O, as a re-
sult of the inhibition of CAT activity (Figure 4B) and in response
an increase of nearly twofold in cat3 transcripts (Figure 4C)
compared to the corresponding 18-hr acclimation levels. As
expected, AT did not have any effect on POX activity at 27°
or 14°C (Figures 4A and 4B). These results clearly indicated
that CAT3 is an important HO,-scavenging enzyme in maize
seedlings and that maintenance of H,O, at steady state lev-
els in acclimated seedlings is to some extent due to increased
CAT3 activity.

H,0,- and Menadione-Induced Chilling Tolerance

The results of time-course analysis of acclimation and also
the preliminary experiments with the exogenous application
of H,05 to the seedlings suggested that mild oxidative stress
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Figure 5. Effects of H,O, and MD on cat3 Transcript Levels.

(A) Total RNA treated with 0.1 mM H,0,.

(B) Total RNA treated with 0.1 mM MD.

Total RNA (15 pg) was isolated from coleoptile plus leaf (C) and
mesocotyl (M) of seedlings treated with 0.1 mM H,0, or MD, and RNA
gel blot analysis was performed with the cat3 gene-specific probe
as described in Figure 1. The seedlings were treated in panels of both
(A) and (B) as follows: lanes 1, control 3-day-old seedlings; lanes 2,
seedlings treated with 0.1 mM H,0, or MD for 4 hr at 27°C; lanes 3,
treated seedlings further incubated at 27°C for 12 hr; lanes 4, treated
seedlings, after 12-hr recovery, transferred to 4°C for 4 days; lanes
5, seedlings prechilled at 4°C for 4 days and treated with 0.1 mM H,0,
or MD for 4 hr at 4°C; lanes 6, seedlings treated with H,O, or MD at
14°C for 4 hr.
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at 27°C in the seedlings might induce chilling tolerance. To
further document the regulatory role of H,O,, the 3-day-old
dark-grown seedlings were treated for 4 hr with H,O, and
menadione (MD), a superoxide-generating compound, trans-
planted in peat moss, and transferred to 4°C for 7 days followed
by greenhouse grow out. Both H,O,- and MD-pretreated
seedlings exhibited chilling tolerance as indicated by survival
and growth (Table 1). As Figure 5 indicates, the cat3 transcripts
increased fivefold by H,O, and sevenfold by MD at 27°C
(Figures 5A and 5B). Upon further incubations at 27°C for 12
hr followed by 4°C treatment for 4 days, the levels of cat3 tran-
scripts increased eightfold with H,O, treatments and eight- to
tenfold with MD treatments compared to controls (Figures 5A
and 5B). Similarly, CAT3 and POX activities also increased with
both treatments at 27°C (Figures 6A and 6B). Upon further
incubations at 27°C for 12 hr followed by 4°C treatment for
4 days, CAT3 and POX (Figures 6A and 6B) activities remained
high in seedlings receiving both of these chemical treatments.
Total cellular SOD and APX activities remained unchanged
(data not shown). We interpret these results to mean that higher
levels of CAT3 and POX are necessary to scavenge H,0,,
which otherwise accumulates to potentially damaging levels.
The results from experiments in which seedlings were treated
with H,0, and MD were similar to the results obtained from
the acclimated and nonacclimated treatments.

Lack of Response to H,0, during Chilling

Although the exogenous H,O, treatment increased CAT3 and
POX activities at 27°C, we were puzzled by the fact that the
endogenously accumulated peroxide failed to increase these
enzyme activities at 4°C. To determine whether chilling inter-
feres with the effects of H,O, and MD on CAT3 and POX
activities, control seedlings and seedlings prechilled at 4°C
for 4 days were treated with H,O, or MD for 4 hr at 14° and
4°C, respectively. Although both H,0, and MD treatments in-
duced cat3 transcripts by five- to sevenfold (Figures 5A and
5B) and the CAT and POX activities induced by two- to four-
fold at 14°C were similar to the levels seen at 27°C (Figures
6A and 6B), no significant change in cat3 transcript levels or
enzyme activity levels was observed in prechilled seedlings
treated at 4°C. This finding indicated that the mechanism by
which H;0, and MD induces CAT3 and POX gene expression
is indeed sensitive to cool temperature. However, we cannot
rule out the possibility that endogenous H,O, might also
serve a signal function to some extent because cat3 transcripts
also increased more than twofold at 4°C in nonacclimated seed-
lings (Figure 2A) compared to control seedlings. For an
unknown reason, however, there was no increase of CAT3 ac-
tivity in these nonacclimated seedlings (Figure 2B), suggesting
that CAT3 activity is post-transcriptionally or post-transiationaily
controlled. On the other hand, 14°C is apparently not cool
enough to greatly affect the mechanism.

In spite of the increased CAT3 and POX activities, higher
levels of peroxide were observed in mesocotyl tissues treated



70 The Plant Cell

157 POX 15

R cat3 H202

H202 Level (umol / g Fr. Wt.)

Activity {(umol H202 / min / mg protein)

Il CcAT3 . POX H202 L

H202 Level (umol / g Fr. Wt}

Activity (umol H202 / min / mg protein)

Treatments

Figure 6. Activities of CAT3 and POX and H,O, Levels in the
Mesocotyls of the Seedlings Treated with H,O, or MD.

(A) CAT3 and POX and H,0; levels in the seedlings treated with 0.1
mM H202.

(B) CAT3 and POX and H,0; levels in the seedlings treated with 0.1
mM MD.

The seedlings were treated with H,O, or MD as described in Figure
5 (lanes 1 to 6 in both panels of [A] and [B]) and the mesocotyls were
harvested for protein extractions. CAT3 and POX activities and H,0O,
levels were replicated two to nine times and analyzed as a completely
randomized design. Standard errors are represented as vertical lines
accompanying each bar. H,O; levels are given in micromoles per
gram fresh weight of tissue.

with H,O, and MD at 27° and 14°C (Figures 6A and 6B).
These chemicals are expected to increase peroxide levels in
the tissues more rapidly than observed in acclimation treat-
ments. H,O2 and MD-pretreated seedlings transferred to 4°C
also contained moderately increased peroxide levels. Peroxide

levels were almost twofold higher in prechilled seedlings treated
with H>0, and MD at 4°C compared to the levels in nonaccli-
mated seedlings. This result indicated that the lack of an effect
on CAT3 and POX activities by these treatments in prechilled
seedlings in not due to the lack of the absorption of these com-
pounds by the tissues during the 4°C treatment.

DISCUSSION

Regulatory Role for H,0; in Chilling-Induced Oxidative
Stress

Consistent with the previous hypothesis that free oxygen radi-
cals are involved in light-associated chilling stress (Wise and
Naylor, 1987), we have presented molecular and biochemical
evidence to indicate that low temperature also imposes ox-
idative stress in dark-grown seedlings during acclimation and
chilling treatments. We have also shown that endogenously
and exogenously generated H>O; induced similar metabolic
events that led to the chilling tolerance process in the seed-
lings. Although acclimation is considered a complex
phenomenon, our results indicated that whereas severe ox-
idative stress could be detrimental to nonacclimated seedlings
during chilling, a mild oxidative stress during acclimation could
be responsible for inducing chilling tolerance. A high H;0,
concentration combined with other reactive oxygen species
could increase lipid peroxidation and other damaging reac-
tions related to oxyradicals (Leshem, 1984; Markhart, 1986;
Asada and Takahashi, 1987). The accumulation of H,O, af-
ter a short treatment with AT indicated that CAT appears to
be an important antioxidant enzyme in overcoming acclimation-
imposed oxidative stress. Evidently, CAT, POX, and APX are
reported to be the most predominant H,O,-utilizing enzymes
in plant systems (Asada and Badger, 1984; Puntarulo et al.,
1988, 1991).

A novel circadian regulation of the cat3 gene expression was
described previously in light- and dark-grown developing maize
seedlings (Acevedo et al., 1991). However, when seedlings were
grown continuously in light or dark, cat3 transcripts were pres-
ent at steady state levels in the leaves throughout the period
and did not show any diurnal variation (Acevedo et al., 1991).
Because the seedlings in the present study were grown con-
tinuously in the dark at various temperatures, we do not suspect
circadian regulation of cat3 gene expression in our model
system.

Even though our results indicated an important role for the
CAT3 isozyme in this acclimation phenomenon, we cannot rule
out the role of other antioxidant enzymes such as SOD. Su-
peroxide radicals, the toxic byproducts of oxidative metabolism,
can interact with H,O, to form highly reactive hydroxyl radi-
cals that are thought to be primarily responsible for oxygen
toxicity in the cell. Therefore, the dismutation of superoxide
radicals into HO, and oxygen is an important step in protect-
ing the cell, and in that conversion SOD is considered a key



enzyme. Although our studies indicated no increases in total
SOD activity between acclimated and nonacclimated treat-
ments (data not shown), it is possible that alterations in the
relative contributions of MnSOD or Cu/ZnSOD isoforms to the
fotal activity might change, and such a change in isoforms could
contribute to chilling tolerance. Different SOD isoforms have
been shown to be regulated differently upon exposure to vari-
ous environmental stresses (Tsang et al., 1991). On the other
hand, increased total SOD activity may not necessarily be re-
quired for acclimation. Thus, constitutive levels of SOD may
be sufficient for inducing the chilling tolerance mechanism in
maize seedlings.

Peroxidases such as APX and POX are important antiox-
idant enzymes in scavenging or utilizing H,O,. Whereas APX
is localized mainly in chloroplasts and partly in the cytosol,
POX is localized in the vacuole, cell wall, and cytosol (Asada,
1992). The ratio of APX to POX is low in nonphotosynthetic
tissues (Asada, 1992). Our results indicated that, unlike POX,
the levels of total APX are not significantly different between
the mesocotyls of acclimated and nonacclimated seedlings
(data not shown). As argued for SOD isoforms, although total
APX activity might remain stable, the relative contributions of
its isoforms to the total activity might change and such a change
in isoforms could contribute to chilling tolerance.

H,0, as a Component of Oxidative Stress

The location of CAT3 in the mitochondria (Redinbaugh et
al., 1988) and its increased activity during acclimation focus
attention on this organelle. In these heterotrophic maize seed-
lings, mitochondria are very active in supporting growth and
are also a major source of superoxide and H,O; production
in the cell (Puntarulo et al., 1988, 1991). We found that the
amounts and activities of mitochondrial a and B subunits of
F,-ATPase, the enzyme involved in oxidative phosphorylation,
and cytochrome oxidase Il (COX Il) subunits decrease at low
temperatures (T.K. Prasad, M.D. Anderson, and C.R. Stewart,
unpublished results). This possible disruption of normal mito-
chondrial electron flow at low temperatures could result in a
greater production of active oxygen species including H2O».
Therefore, the mitochondria might also be the target of damag-
ing reactions resulting from the oxidative stress.

H20, as an Inducer of Protection Against Oxidative
Stress

We also showed that both in vivo—generated oxidative stress
and exogenously supplied H;0, increase the same antiox-
idant enzymes. The time-course analysis of acclimation clearly
indicated that HoO, accumulation occurs first and then, prob-
ably in response, CAT3 and POX activities increase. The
evidence that H;O; is the inducer of an antioxidant mecha-
nism is as follows: (1) exogenously supplied H,O, and MD
induced cat3 transcription and chilling tolerance; (2) a short
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treatment with AT inhibited CAT3 activity with simultaneous
accumulation of H,O, and the elevation of cat3 transcripts.
In this context, one can interpret the results of time-course anal-
ysis of acclimation to indicate that acclimation-imposed
oxidative stress is involved in inducing CAT3 and POX gene
expression during acclimation.

In spite of the observed accumulation of peroxide in nonac-
climated and prechilled seedlings treated with H,O, and MD,
these chemicals could increase cat3 transcripts and CAT3 and
POX activities only at 27°C and 14°C but not at 4°C. This re-
sult indicated that H,O, is probably acting through some
intermediate, temperature-sensitive signal transduction mech-
anism. A DNA binding protein such as the transcription
activator NF-kB in human cells (Baeuerle, 1991; Schreck et
al., 1991; Naumann et al., 1993) or OxyR in bacteria (Storz et
al., 1990), which are also activated by oxidative stress, could
be a possible intermediate responding to H,0, in our system.
It was suggested that H,O, can act either directly or indirectly
through a metabolite or through any oxidative free radicals af-
ter interacting with superoxides (Schreck et al., 1991; Naumann
et al., 1993). Although it seems unlikely, highly reactive com-
pounds like H,O, or oxidative free radicals might function as
secondary messengers. Oxidative free radicals are the un-
desirable side products of cellular electron transfer reactions,
but there are ubiquitous enzyme systems that produce and
control the toxic levels of oxygen radicals and H.O, (Jahnke
etal., 1991; Cakmak et al., 1993; Walker and McKersie, 1993).
Reduced glutathione was proposed to be acting directly as
an antioxidant and simultaneously activating cytosolic
Cu/ZnSOD gene during oxidative stress (Herouart et al., 1993).
Our results indicated that peroxide has dual effects in the chill-
ing stress process because a short treatment with low
concentrations of HO, or MD at 27°C induced tolerance, but
toxic levels of H,0, accumulated continuously in the absence
ofincreased CAT3 and POX activities in nonacclimated seed-
lings at 4°C. Therefore, there might be a narrow concentration
range in which H,O, can function exclusively as a second-
ary messenger but still be cytotoxic at higher concentrations
(Christman et al., 1985; Greenberg et al., 1990).

Speculation About a Mechanism of Chilling Tolerance

In view of our results with MD, it is tempting to speculate that
the induced tolerance against light accompanied chilling dam-
age (Gupta et al., 1993) and that the tolerance against paraquat
(Bowler et al., 1991) produced by SOD overexpression in plants
could actually be the result of a peroxide-induced antioxidant
mechanism. None of those studies determined the levels of
peroxide or APX or any other H,O,-scavenging enzymes in
their transformants. We suspect that SOD overexpressed in
those transformants could be inducing increased levels of
peroxide that can diffuse freely between organelles and cytosol.
Thus, the newly accumulated peroxide in turn may be trigger-
ing a mechanism that increases the activities of several
enzymes such as CAT or APX. Because the transformants
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would be expected to have moderately higher levels of perox-
ide, the peroxide-inducible protective ggechanism must be
turned on constantly in the absence of any stress. This hy-
pothesis is consistent with our results in which peroxide-
adapted maize seedlings developed chilling tolerance.

Itis possible that different signaling pathways can converge
to activate a single signal transduction mechanism. A fungal
pathogen, chilling, cold, and oxidative stresses will induce a
similar kind of gene expression. Our results that show the adap-
tation of plants to H,O,, as has been observed in bacteria
(Christman et al., 1985; Greenberg et al., 1990), constitute com-
pelling evidence to search for a common transcription factor(s)
involved in various plant signal transduction mechanisms.

METHODS

Chilling Acclimation Analysis

Seeds of maize (Zea mays) Pioneer inbred G50 were germinated in
peat moss (Terra-lite Redi-earth; Grace Sierra Horticultural Products
Co., Milpitas, CA) at 27°C in darkness for 3 days. The seedlings were
then preexposed at either 14°C for 3 days in the dark (acclimation period)
followed by 7 days in the dark at 4°C or directly transferred to 4°C for
7 days in the dark (chilling period). The final growth analysis was done
after the acclimated and nonacclimated seedlings were transferred
to the greenhouse and grown for 10 days. Initial and final fresh and
dry weights of the seedlings were determined. The seedlings were
evaluated for their percent survival based on the observations that ac-
tively growing seedlings were determined to be survivors and the
nongrowing and wilted seedlings were determined to be nonsurvivors.
All of the experiments were repeated at least twice.

Chilling Tolerance in H,0,- and Menadione-Treated Seedlings

Three-day-old dark-grown seedlings were used for the treatment anal-
ysis. The root portions of the whole seedlings were immersed in 400
mL of either 0.1 mM H,0, or 0.1 mM menadione (MD) (initially dis-
solved in 0.5 mL of ethanol), a redox-cycling quinone that generates
superoxide, for 4 hr at 27°C in darkness. Preliminary studies with vari-
ous concentrations of H,O, or MD at 0.01, 0.1, and 0.5 mM indicated
that 0.1 mM was closer to the optimum concentration to induce toler-
ance in the seedlings. The treated seedlings were washed with distilled
water, transplanted in peat moss, and further incubated at 27°C for
an additional 12 hr, which was considered as a recovery period from
oxidative shock, before transfer to 4°C. Preliminary observations also
indicated that this recovery from oxidative shock for at least 12 hr was
necessary for the seedlings to survive before transfer to 4°C. After 7 days
of chilling treatment at 4°C, the seedlings were transferred to the green-
house for 10 days. When prechilled seedlings were used for chemical
treatments, control 3-day-old seedlings were chilled for 4 days at 4°C
and then treated with 0.1 mM H;0, or 0.1 mM MD for 4 hr at 4°C in
darkness, as described for treatments at 27°C.

Aminotriazole Treatment

Control 3-day-old seedlings or seedlings preacclimated for 15 hr were
treated with 10, 25, or 50 mM aminotriazole (AT), an irreversible catalase

inhibitor. Roots of the whole seedlings were immersed in solutions (100
mL) for 2 hr. The treated seedlings were then transplanted in peat moss
and further incubated for 1 hr at 27° or 14°C.

Construction and Screening of the cDNA Library

A maize cDNA library was constructed in ZAPIl using poiy(A)* RNA
isolated from acclimated (14°C) seedlings of inbred G50. The cDNA
was synthesized with cDNA Synthesis System Plus (Amersham Corp.),
according to the manufacturers instructions. Blunt-ended, double-
stranded cDNA was ligated to EcoRl adapters, cloned into ZAPII vector,
and packaged in vitro using packaging extract (Gigapack Gold;
Stratagene). A subtraction probe was prepared by hybridizing bio-
tinylated poly(A)* RNA extracted from control seedlings grown at 27°C
with first-strand-labeied cDNA synthesized from poly(A)* RNA that
was extracted from acclimated seedlings. The cDNA library was
screened with subtraction probe, and 65 crude first-screen positive
clones were isolated. These clones were further screened with differen-
tial first-strand cDNA probes prepared from control and induced
poly(A)* RNAs. Three putative positive ¢cDNA clones representing
chilling acclimation—responsive (CAR) genes were isolated. The plas-
mids were rescued in vivo and the plasmid DNA was made. The DNA
sequence analysis was done by the dideoxynucleotide chain termi-
nation method (Sanger et al., 1977), and the sequences of both strands
were determined.

RNA Gel Blot Analysis

Total RNAs from control, acclimated, chilled, and chemically treated
seedlings were isolated according to the method of Chomczynski and
Sacchi (1987). Equal amounts of poly(A)* RNA (1 pg) or total RNA (15
ug) were electrophoresed on 1% formaldehyde-agarose gels and trans-
ferred to nylon membranes (GenScreen; Du Pont). Stained gels were
observed to confirm the spectrophotometric quantitations that equal
amounts of total RNAs were contained in each sample (data not shown).
The respective gel-purified cDNA inserts were labeled with 32P-dCTP
(3000 Ci/mmol) by the random hexamer priming technique and used
as probes to hybridize filters. Relative levels of cat3 transcripts on au-
toradiograms were measured using a scanning densitometer (Hoefer
Scientific instruments, San Francisco, CA).

Enzyme Analyses

The tissue (0.5 to 1 gm) was homogenized in 0.2 M sodium phosphate
buffer, pH 7.8, containing 2 mM Na,-EDTA. The extracts were cen-
trifuged at 10,000¢ for 30 min, and parts of the supernatants were stored
overnight at —70°C. These frozen extracts were used for the spec-
trophotometric analyses of catalase (CAT) and guaiacol peroxidase
(POX) activities. CAT activity was determined according to the method
of Beers and Sizer (1952). Because we do not know the nature of the
regulation of various CAT isozymes in the acclimation phenomenon,
reporting total CAT activities rather than CAT3 activity would not be
meaningful. Therefors, to be consistent with cat3 gene expression,
we reported here only the CAT3 activities. CAT3 was determined by
including 5 mM AT, an irreversible CAT inhibitor, in our enzyme assay.
As reported by Chandiee et al. (1983) and also as determined in our
studies (data not shown), AT inhibits 98% of the CAT1 and CAT2 ac-
tivities but only inhibits 32% of the CAT3 activity. POX was determined
by the method of Chance and Masehly (1955) using guaiacol as an



electron donor. Ascorbate peroxidase (APX) was determined in fresh
protein extracts by the method of Asada and Badger (1984) using as-
corbate as an electron donor. Total superoxide dismutase (SOD) activity
was measured according to the method of Beauchamp and Fridovich
(1971). The fresh protein extracts were first passed through a column
of Sephadex G-25, and the proteins were eluted with 0.1 M sodium
phosphate, pH 7.8, containing 1 mM Na,-EDTA. These desalted pro-
teins were stored overnight at —70°C. SOD activity in 1-mL reaction
volume was expressed as relative units defined as the inverse of the
amount of protein required to inhibit by 50% cytochrome ¢ reduction.
Total protein content in enzyme extracts was determined by the method
of Lowry et al. (1951) using bovine serum albumin as a standard. Perox-
ide content was determined using the technique described by Brennan
and Frenkel (1977). The concentration of peroxide in the samples was
determined using a standard curve representing titanium-H.O, com-
plex ranging from 0.1 to 1 mM.
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